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Abstract

Objectives—There is robust evidence from epidemiological studies that the offspring of older

fathers have an increased risk of neurodevelopmental disorders such as schizophrenia and autism.

Here we present a novel mechanism that may contribute to this association.

Methods—Narrative review.

Results—Because the male germ cell undergoes many more cell divisions across the

reproductive age range, copy-errors taking place in the paternal germline are associated with de

novo mutations in the offspring of older men. Recently it has been recognized that somatic

mutations in male germ cells that modify proliferation via dysregulation of the RAS pathway can

lead to within-testis expansion of mutant clonal lines. First identified in association with rare

paternal age-effect disorders (e.g. Apert syndrome, achondroplasia), this process is known as

‘selfish spermatogonial selection’. This mechanism will (a) favor propagation of germ cells

carrying pathogenic mutations, (b) increasingly skew the mutational profile of sperm as men age,

and (c) result in an enrichment of de novo mutations in the offspring of older fathers that

preferentially impact on specific cellular signaling pathways. This mechanism offers a

parsimonious explanation not only for the association between advanced paternal age and various

neurodevelopmental disorders, but also provides insights into the genetic architecture (role of de

novo mutations), neurobiological correlates (altered cell cycle) and some epidemiological features

of these disorders. We outline hypotheses to test this model.
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Conclusions—In light of our current understanding of the genetic networks involved in

neurocognitive disorders and the principles of selfish spermatogonial selection, we speculate that

some pathogenic mutations associated with these disorders are the consequence of a selfish

mechanism originating in the aging testis. Given the secular changes for delayed parenthood in

most societies, this hypothesis has important public health implications.
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Introduction

Occasionally, seemingly distant fields of research intersect and can catalyze new discovery

channels. In this review we outline how divergent clues from epidemiological and genetic

studies in autism and schizophrenia research can be integrated with an innovative hypothesis

originally proposed to explain the relatively high apparent mutational rate associated with

congenital disorders such as Apert syndrome, achondroplasia and RASopathies. The ‘selfish

spermatogonial selection’ hypothesis predicts that somatic mutations that promote clonal

expansion within the male germline progenitors could skew the influence of paternally-

derived de novo mutations. The proposed mechanism may provide a parsimonious

explanation for diverse findings related to neurodevelopmental disorders such as

schizophrenia and autism. A set of testable predictions are proposed to evaluate this

hypothesis.

Key differences between male versus female gamete production

Germ cell development differs radically between human males and females - there are many

more germline cell divisions in the life history of a sperm relative to that of an oocyte. In the

female, germ cells undergo only 22 mitotic cell divisions in utero, which is followed by a

long period of arrest until puberty. Oocyte maturation is completed when meiosis resumes a

few minutes prior to ovulation. In the male by contrast, following 30 mitotic divisions

during embryogenesis, spermatogenesis is re-initiated at puberty and adult stem cells

(spermatogonial cells) undergo regular mitotic divisions once every 16 days to produce

sperm. Assuming a simple turnover model, this means that in a 20-year-old male, the

spermatogonial cells have undergone approximately 150 cell divisions. By age 50 years, this

number is 840. Each time these cells divide, the entire genome is replicated and copy-errors

(i.e. mutations) inevitably occur (1). These between-sex biological differences in gamete

production are also associated with different profiles of de novo mutations. While

chromosome non-disjunctions are meiotic in origin and tend to be associated with maternal

effects (such as Down syndrome), point mutations, small insertion-deletion (indels),

microsatellite repeats and non-recurrent copy number variations (CNVs) originate as a result

of mitotic copy-errors () and are typically associated with a paternal origin (2-5). As whole-

genome sequencing of single sperm has recently been achieved (6), such techniques applied

to the sperm of men of different ages should reveal the nature of the de novo mutational load

carried by individual male germ cells. Recently, whole-genome sequencing based on parents
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and their offspring has confirmed that ~80% of de novo mutations are paternal in origin and

that the total number of mutations strongly correlates with paternal age - an increase of

about two point mutations per year, corresponding to a doubling of paternally-derived

mutations every 16.5 years was reported (7).

Advanced paternal age and mental disorders

It was noted over 30 years ago that schizophrenia occurred more frequently in the offspring

of older fathers (8). However this observation had been largely forgotten until Malaspina

and colleagues (9) suggested that this finding may be related to copy-error mutations in the

male germline. Based on a large Israeli birth cohort, they found that paternal age was a

significant predictor of schizophrenia risk. A recently published meta-analysis of this

research (10) suggested that the relationship between paternal age and risk of schizophrenia

was J-shaped: although it confirmed the increased risk in the offspring of older fathers, it

also identified a smaller risk increase in the offspring of very young fathers, suggesting that

other factors,in addition to a simple age-related increase in copy-error mutations, are likely

to mediate this effect.

There is a growing body of epidemiological research linking advanced paternal age with

other neuropsychiatric disorders and brain-related outcomes – these include autism and

related spectrum disorders (11-13), bipolar disorder (14), epilepsy (15), sporadic

Alzheimer’s disease (16), obsessive compulsive disorder (17) and impaired childhood

cognitive ability (18). Thus, while the evidence-base is incomplete, the data suggests that

advanced paternal age is associated with a wide range of brain-related adverse health

outcomes (i.e. the exposure is nonspecific with respect to health outcomes). Within a

community-based sample of healthy children, paternal age has been found to be significantly

associated with cortical gray (but not white) matter volume (19). Finally, evidence from

mouse models shows that the offspring of older sires have altered behavioural outcome (20,

21), altered brain structure (20) and increased de novo CNVs (22).

More recently, studies have suggested that grandpaternal age (specifically on the mother’s

line) may also contribute to the risk of neurodevelopmental disorders (23, 24). This may be

understood when considering that phenotypes associated with predisposing mutations tend

to be more pronounced in males than in females,, therefore effectively leading to the

skipping of generations. This grandpaternal age-effect suggests that mutations can

accumulate across generations. Although mutations with larger phenotypic impacts are less

likely to be transmitted to subsequent generations (e.g. schizophrenia and autism have

markedly reduced fertility and fecundity), mutations associated with more subtle phenotypes

or variable penetrance may be transmitted to offspring, and thus contribute to the

‘mutational burden’ in subsequent generations (see below). In light of secular trends to delay

parenthood (25), Crow suggested that paternal-age related mutations could contribute to a

transgenerational ‘mutational time-bomb’ (1).

Paternal age-effect mutations and selfish selection in the testis

Although the differences in male versus female gamete production provide a plausible

explanation for the link between advanced paternal age and disease risk, recent evidence
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suggests that there could be more to this association than the simple accumulation of random

copy-errors during spermatogenesis. We have previously defined paternal age-effect

mutations as a small group of well-characterised genetic alterations that are associated with

rare Mendelian dominant disorders and present with unusual characteristics (5, 26). The best

known examples involve specific activating point mutations in the fibroblast growth factor

receptor genes, FGFR2 (associated with Apert and other craniosynostosis syndromes) and

FGFR3 (associated with achondroplasia and other short-limbed bone dysplasias) and in

several members of the RTK/RAS and associated MAPK (Mitogen Activated Protein

Kinase) signalling pathways, such as PTPN11/SHP2 and HRAS (associated with neuro-

cardio-facio-cutaneous syndromes, such as Noonan and Costello syndromes, collectively

termed RASopathies) (5). In the majority of cases, these point mutations are (a) acquired de

novo, (b) exhibit a near-exclusive paternal origin, (c) have a high apparent germline

mutation rate (up to 1,000-fold above background for Apert syndrome and achondroplasia,

based on birth prevalence), and (d) are associated epidemiologically with a significant

paternal age-effect (with unaffected fathers approximately 2 to 7 years older on average,

than the population mean). Because of these features, paternal age-effect mutations provide

an excellent model to study the effect of advanced paternal age at a molecular level.

Direct quantification of the levels of specific pathogenic mutations associated with paternal

age-effect disorders in the sperm of healthy men of different ages (26-28) and in dissected

whole testes (29-31) has been performed. The results gathered from these technically

challenging experiments showed that paternal age-effect mutations are detected in the sperm

(but not in the blood) of most men; that the measured levels account for the birth prevalence

of the associated disorders; and positively correlate with donor’s age in line with the

observed paternal age-effect. To explain these findings, Goriely et al (5, 26, 27) suggested

that rather than simply accumulating through repeated copy-errors, the originating

mutational hits occur infrequently (i.e. at rates similar to the background of genomic

mutations). However, these are progressively enriched because they provide a selective

advantage to the mutant spermatogonial cells in which they arose, leading to their clonal

expansion. This clonal growth of mutant spermatogonial cells, which is likely to take place

in the testes of all men and may occasionally be associated with testicular tumors (26), leads

to the relative enrichment of mutant sperm over time. This process accounts for the

exclusive paternal origin of these mutations, the epidemiological paternal age-effect and the

high prevalence of the associated disorders. To distinguish this mechanism from the neutral

‘copy-error’ process involving the accumulation of random mutational hits over time, this

phenomenon has been termed selfish spermatogonial selection (5). For the sake of brevity,

we refer to this mechanism as ‘selfish selection’, for the remainder of this review, but it is

most important to remember that this process is occurring in the spermatogonial progenitors,

not in the mature sperm.

At a cellular level, selfish selection appears to operate through a mechanism that shares

many of its features with oncogenesis. Indeed, all paternal age-effect genes are known

oncogenes which are able to promote tumorigenesis in different cellular contexts (5).

Strikingly, at a molecular level, there is a common denominator to selfish selection. Paternal

age-effect genes cluster within a single pathway, the receptor tyrosine kinase (RTK)/RAS
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signaling cascade (Figure 1). Not surprisingly, this pathway is a key determinant of

spermatogonial cell self-renewal and its role in controlling the balance of proliferation/

differentiation during mammalian spermatogenesis has been well documented in murine

models (5). This effect is mediated through control of several different transduction

pathways downstream of RAS. The best characterised pathways include MAPK pathway

(shown in red in Figure 1) for which ERK1/2 is a downstream effector, and the PI3K/AKT

cascade for which mTOR is a downstream effector (in green in Figure 1). The RAS and

RAS-related RHEB signaling pathways, that are commonly dysregulated in cancer, are

widely connected with many essential cellular processes, and play a key role in neuronal

function including synaptic plasticity (32, 33).

Although this paradigm is based on a handful of paternal age-effect mutations of unusually

large effect, it is likely that other selfish pathways operate in the context of the aging testis.

For example, the signaling networks triggered by oncogenic activation of RAS are highly

complex and involve crosstalk between multiple pathways (34). In particular we might

expect other well-characterised oncogenic pathways such as PI3K/AKT and their effectors,

which are key regulators of spermatogonial cell proliferation, to participate in this process.

Thus, while this paper will focus on the canonical RAS-related pathways, we speculate that

mutations in any gene that is expressed in spermatogonial cells and whose function involves

regulation of homeostasis through control of proliferation/differentiation balance or cell

cycle are potential targets of selfish selection (5). Similarly, selfish mutations are unlikely to

be limited to point mutations with strong gain-of-function properties such as those described

so far for paternal age-effect mutations; we predict that other genetic alterations such as

CNVs, small indels, or regulatory mutations will also be targets of selfish selection.

Genetic architecture of neurocognitive disorders and selfish selection

While not all de novo mutations associated with neuropsychiatric disorders are related to

paternal age (e.g. 22q11.2 deletions), we note with interest that there is overlap between the

molecular pathways that have been identified during exome/CNV screens for schizophrenia

and autism and those implicated in selfish selection in the testis. In their large study of CNV

in autism, Pinto et al described a noticeable enrichment of rare pathogenic CNVs - both

inherited and de novo - disrupting genes involved in cellular proliferation, projection and

motility, and RAS signaling (35). Studies analysing proband-parents trios in autism

identified de novo mutations in genes clustering within molecular pathways implicated in

tumorigenesis and control of early development such as RAS, p53 and β-catenin pathways

(35-39). There is also evidence suggesting that individuals diagnosed with RASopathies

have more difficulties in adaptive functioning (40) and show autistic traits (41). Thus, within

the fields of autism and schizophrenia research, there has been an unexpected overlap

between (a) candidate pathogenic variants in genes that are being discovered through genetic

studies and (b) genes involved in tumorigenesis as well as selfish selection in the testis.

With respect to genetic risk factors, researchers have previously noted that some candidate

genes linked to schizophrenia are also mutated in various cancers. These include protein

kinase B (PKB, also known as AKT), a gene commonly mutated in cancer, and the gene

neuregulin-which is associated with breast cancer, B cell leukemia/lymphoma and multiple
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myeloma (42, 43). Moreover, genome-wide association studies (GWAS) in schizophrenia

have identified strong signals near the paternal age-effect genes FGFR1 (44) and FGFR2

(45), and there is convergent evidence linking disruption of AKT (42) and fibroblast growth

factors signaling with schizophrenia (46) as well as a link between cancer-related pathways

(e.g. PI3K/AKT, PTEN) and autism (47).

Weak selfish mutations and common diseases

Although sperm studies of paternal age-effect mutations have highlighted that selfish

selection relies on the activation of the RAS pathway, the role of RAS is clearly not limited

to processes occurring in the testis. This pathway is a crucial mediator of intracellular

signaling in many contexts and is recruited at different times in development to execute

distinct functions including cell survival, proliferation, migration, differentiation and

motility. Hence, dysregulation of the RAS pathway in the adult testis is predicted to have

consequences that extend far beyond rare dominant disorders. To consider whether selfish

selection could have a more pervasive role in complex disorders, we need to compare the

effect of the strength of selfish selection occurring in the testis (that promotes clonal

expansion and leads to relative enrichment in mutant sperm) and the impact that given

mutations are anticipated to have on the fitness of the offspring who inherit the mutation

upon germline transmission. Bearing in mind the strong pathogenic germline phenotypes

they cause, paternal age-effect mutations - such as those commonly described in cancer and

those associated with paternal age-effect disorders - will be associated with lethal/

deleterious phenotypes that are unlikely to segregate in the population or have a long-term

impact on disease burden (Figure 2 top, red mutations). However, selfish mutations

providing a weaker selective advantage in the testes (that will be enriched to a lesser extent

in sperm), are predicted to be associated with more subtle phenotypes (such as low/variable

penetrance or susceptibility variants). Importantly, these mild selfish mutations are a

potential source of heritable variations that could contribute to the genetic burden of

common diseases (Figure 2; orange mutations) and to genetic heterogeneity (Figure 2;

yellow mutations).

Does the selfish selection hypothesis have explanatory power?

Clues linking paternal age, cancer and neurodevelopmental disorders

There is some evidence (5) linking advanced paternal age with an increased risk of a range

of cancer types (e.g. childhood brain tumors and leukemia, non-Hodgkin lymphoma, breast

and testicular cancer). If advanced paternal age is associated with both risk of schizophrenia

and cancer, then it might be predicted that cancer would be more common in schizophrenia

patients. However, the epidemiological data on this issue are inconsistent (48-50), and the

effects seem to vary depending on cancer types considered (51). On balance the studies find

that the incidence of cancer in individuals with schizophrenia is lower than expected (52).

Moreover, the decreased risk for several types of cancer has also been observed in

unaffected family members of schizophrenic patients, providing further support for genetic

protection against cancer in families with schizophrenia (48, 52, 53). Given the overlap

between the molecular pathways involved in brain development and those associated with

tumorigenesis, mutations that have been enriched in germ cells through mechanisms such as
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selfish selection are expected to modify the risk of both neurocognitive diseases and cancer

when inherited by the offspring. As we learn more about the genetic basis of cancer and

neuropsychiatric disorder, the precise relationship between these two broad categories of

disorders may be clarified.

Clues related to minor physical anomalies, cell cycle and synaptic plasticity

The selfish selection hypothesis emerged from a group of congenital disorders that are often

characterized by prominent craniofacial abnormalities (5). It has long been established that

minor physical anomalies are more prevalent in schizophrenia (54) and autism (55).

Properties of cell lines such as those obtained from “neurosphere-derived” cells generated

from olfactory mucosal biopsies from patients with schizophrenia and from healthy controls

have been examined (56). The patient-derived cells showed significant dysregulation of

genes involved in cell cycle control (e.g. in particular various cyclins and several CDK4

inhibitors controlling G1/S phase transition. Changes in expression of genes and/or proteins

involved in cell cycle are of particular interest because increased cell proliferation has

previously been demonstrated in olfactory biopsies from schizophrenia patients (57, 58).

Induced pluripotent stem cells from individuals with LEOPARD syndrome (one of the

RASopathies) have provided clues on the impact of these mutations on different derived cell

types (59). It will be of interest to establish whether fibroblast-derived induced pluripotent

stem (iPS) cells from individuals with neuropsychiatric disorders could be used to identify

signaling pathways contributing to disease phenotype (60).

There is a growing body of evidence indicating that genes that were once thought to be

involved only in cell cycle control also ‘moonlight’ in a range of critical functions in post-

mitotic neurons (see review (61)). For example, cyclins have been implicated in axonal

growth (62) and dendritic morphogenesis (63). Synaptic function is also being linked to

genes better known for their role in cancer, cell cycle control and differentiation (64, 65)

(Figure 1). These mechanisms may represent important clues for understanding the links

between schizophrenia and cancer (66).

An integrative model and testable hypotheses

As mechanisms such as selfish selection operate in the aging human testis, it is anticipated

that over the reproductive life of the male, mutations in germ cell progenitors that influence

cell cycle/growth control pathways (in particular, within the RTK/RAS signaling cascade)

will promote spermatogonial proliferation and result in relative enrichment of mutant sperm

over time. Given that whole-genome sequencing data have confirmed that each newborn

carries ~30-100 novel point mutations in their genome (7), this raises the possibility that a

proportion of the paternally-derived mutations will preferentially carry alterations in genes

that fall within these selfish pathways. These mutations would have variable consequences

on phenotype and transmission to the next generation (Figure 2)

Conveniently, this hypothesis may provide insights into some more puzzling features of

neurodevelopmental disorders, such as the nature of the ‘missing heritability’ associated

with these genetic diseases (for more details see (67)). Selfish selection is predicted to
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promote a weak bias favouring fertilisation by sperm carrying mild pathogenic selfish

alleles. Although this process occurs at each generation, the exact nature of the mutational

hit involved is likely to be serendipitous and therefore is anticipated to be essentially unique

(‘private’) and would only be identifiable during genome-wide unbiased sequencing screen

(i.e. not during GWAS that only assess common variants). Thus this hypothesis aids

formulation of a parsimonious framework to understand (a) the association between

advanced paternal age and various neurocognitive disorders and some cancers, (b) the

complex genetic architecture of neurodevelopmental disorders and the important role of de

novo/private mutations clustering in key signaling pathways, (c) the high heritability,

comorbidity and high prevalence of these deleterious conditions that are associated with low

fertility, (d) the various clinical and epidemiological clues related to dysmorphogenesis, cell

cycle properties and altered risk of comorbid cancer.

We readily acknowledge many limitations of this broad model. Not all neurodevelopmental

disorders are caused by de novo mutations, nor do we propose that all genetic factors related

to these disorders are restricted to RTK/RAS and related pathways. However, we hope that

the selfish selection hypothesis will be useful as a catalyst for debate, data interpretation and

new hypothesis-driven research. Below we list testable hypotheses based on this mechanism.

1. Whole-genome sequencing of family trios has demonstrated a significant excess of

paternally-derived de novo mutations (7). Although, as a whole, the number of de

novo mutations correlates with father’s age, selfish selection predicts that mutations

dysregulating signaling pathways such RTK/RAS and their downstream effectors

will be over-represented in the offspring of older fathers. The relationship between

paternal age and de novo mutational load should therefore be examined

independently for different categories of genetic alterations. Thus, the correlation

between paternal age and de novo mutations in genes falling in selfish pathways

will be greater than for neutral mutations.

2. Sequencing of multiple individual sperm from men of different ages will confirm

the correlation between paternal age and excess of de novo mutations dysregulating

selfish pathways such RTK/RAS.

3. Susceptibility variants for schizophrenia and autism risk will be significantly more

likely to impact on pathways involved in cell cycle and RTK/RAS signaling

cascade than would be predicted by chance.

4. Patient-derived cell lines (e.g. olfactory neurospheres, iPS cell lines) from patients

with paternal-age related disorders such as schizophrenia or autism will be more

likely to display phenotypic changes related to the RTK/RAS signaling pathway

than would be predicted by chance.

Conclusions

So far, data have indicated that the RAS/MAPK pathway is a crucial mediator of selfish

selection. As we learn more about the mechanisms controlling spermatogonial proliferation,

the above hypotheses should expand beyond the canonical RTK/RAS cascade and include

other signaling pathways that are potential target for selfish selection. Combining this
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knowledge with our understanding of the genetic networks involved in neurodevelopmental

disorders should help define the extent of the overlap between the two processes. Ultimately,

this will provide insights into a broader research question – are mutations associated with

these complex disorders part of a ‘normal’ process that produces genetic variation with each

generation and are therefore the unavoidable consequence of a selfish mechanism

originating in the aging testis?

The selfish spermatogonial selection hypothesis provides an example of the creative

intersection between diverse research fields – in this case, epidemiology, animal models,

molecular and clinical genetics, genomics, oncology, cell biology and psychiatry. From a

public health perspective, the impact of advanced paternal age on health outcomes may

become more apparent over time, as parenthood is delayed in many societies as a result of

educational and cultural factors (see review (25)). Because these mutations are proposed to

accumulate over several generations, mechanisms related to selfish selection could have far-

reaching consequences for the health of future generations.
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Figure 1.
Simplified overview of the receptor tyrosine kinase (RTK)-RAS and RAS-related RHEB signaling pathways. See (5) and 34 for

more details on pathways. Germline disorders associated with mutations in specific genes along this pathway are indicated in

boxes. The gene products that belong to the paternal age-effect class (as defined in text) are in blue and yellow boxes indicate

related disorders. RASopathies include Noonan, Costello, LEOPARD and cardio-facio-cutaneous (CFC) syndromes and are

caused by mutations in the RAS/MAPK/ERK pathway. Other proteins in the pathway and associated germline disorders for

which evidence of direct involvement in the process of selfish spermatogonial selection/paternal age-effect is still lacking are

indicated in black. Known tumor-suppressor genes in cancer are indicated by blue circles. The RAS pathway is involved in

many cellular process and some of the consequences of pathway activation of are illustrated in the case of transduction

occurring in a mitotically active cell (bottom, middle) or during neurotransmission and/or synaptic plasticity (bottom, left and

right). Translocation of phosphorylated forms of ERK (pERK) or AKT (pAKT) into the nucleus of a mitotic cell triggers many

different cellular responses such as cell growth, proliferation, differentiation, motility and apoptosis. Within excitatory neurons,

a few examples of cellular responses triggered by the RAS orRHEB pathways are illustrated and involve molecules such as

ribosomal S6 kinase (S6K and RSK2) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1).
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Figure 2.
Depiction of the process of selfish spermatogonial selection in the testis and its consequences for the offspring. The pink oval

(left) represents the testis of an aging man in which mutations (represented by X or circles) have occurred randomly during the

recurrent rounds of replication required for spermatogenesis. In gray (bottom of the diagram), functionally neutral mutations are

not enriched in spermatogonial progenitors and are associated with a very low risk of transmission of individual genetic lesions

in the offspring. In purple (top of the diagram), the mutant spermatogonial progenitor carries a ‘strong-effect’ mutation that is

associated with overt dysregulation of the RTK/RAS pathway – such as a typical oncogenic mutation. These paternal age-effect

mutations confer a strong selective advantage (represented by the thickness of the purple arrow) to the mutant spermatogonial

stem cell, leading over time to the formation of large clones and relative enrichment in mutant sperm. Upon germline

transmission to the offspring, strong paternal age-effect mutations can cause neonatal lethality or disease phenotypes and are

eliminated by purifying selection as affected individuals are unlikely to reproduce. In red and orange (middle part of the

diagram), are depicted intermediate scenarios for mutations with milder selective advantage (i.e. mutation of variable

penetrance, weak gain-of-function) that are enriched over time in spermatogonial stem cells to a lesser extent (>1- to 100-fold).

Unlike the strong effect mutations (purple), mildly pathogenic mutations are potentially transmissible over many generations,

contributing to genetic heterogeneity and variable expressivity of disease phenotypes.
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